According to the International Atomic Energy Agency (IAEA), industrial radiography accounts for approximately half of all reported accidents for the nuclear related industry. Detailed information about these accidents has been published by the IAEA in its Safety Report Series, one of which describes the radiological accident which happened in 1999 in Yanango/Peru. Under unsettled circumstances a
Introduction
The history of the beneficial use of ionising radiation by medicine and industry represents also the history of its accidents. At first the lack of knowledge about the deleterious effects caused by ionizing radiation was a major contributing factor to the occurrence of overexposures, whereas today human and technical failure represents the main causes. According to the International Atomic Energy Agency (IAEA), "industrial radiography accounts for approximately half of all reported accidents for the nuclear related industry, in both developed and developing countries." (IAEA1998a).
Appropriate medical care for victims of radiological accidents depends very much on a reliable assessment of the organ and tissue absorbed doses received. The IAEA states:"The prognosis and medical handling of individuals exposed to external radiation depend upon whether the whole body has been exposed, or whether exposure has been localized. It is very important for the prognosis and choice of treatment to know how the absorbed dose has been distributed within the body. …….. Physical dosimetry is very important, since no appropriate biodosimetric method is available for the early stages of local radiation injury." (IAEA 1998b) .
Information on radiological accidents is frequently published by the IAEA in its Safety Report Series with details about the exposure conditions, which are useful for the simulation of the accident with an appropriate exposure model.
The recently introduced MAX/EGS4 exposure model (Kramer et al 2003) has until now mainly been used to determine conversion coefficients between effective dose and operational quantities to be applied to practices well below the dose limits set for routine radiation protection (Kramer et al 2004 , 2005a ,b,c, Lima et al 2005 . For this purpose absorbed doses have been averaged over the volumes of organs and tissues of interest according to the concept of effective dose as defined by the International Commission on Radiological Protection (ICRP 1991) .
In case of radiological accidents, especially for highly non-uniform irradiations, one has to determine the maximum absorbed dose in the body, and the absorbed dose distribution in the vicinity of the maximum in order to provide reasonable dosimetric data for the medical treatment of the exposed person(s).
Having a voxel structure with a fine spatial resolution, the MAX phantom lends itself to the purpose of accidental dosimetry, and the EGS4 Monte Carlo code is sufficiently fast to allow for the calculation of the mean absorbed dose per voxel, hereafter called voxel absorbed dose, with a small coefficient of variance in a reasonably short execution time. In order to put the MAX/EGS4 exposure model to the test a radiological accident with a highly non-uniform external exposure of the victim was chosen.
The accident occurred on February 20, 1999 at the Yanango hydroelectric power plant in Peru when a welder, who normally had nothing to do with the radiographic work, picked up a 1.37 TBq
192
Ir industrial source and put it into the right back pocket of his jeans, where it remained for at least 6.5 hours. For 3 hours the welder was sitting while working inside a 2m diameter tube, and for 3.5 hours he was standing.
The report of the IAEA on the accident (IAEA 2000) provides the following information on the dosimetry: a) Using a Prowess 3000 treatment planning computer system a Peruvian physicist of the Instituto Nacional de Enfermedades Neoplasicas (INEN) performed depth dose calculations three days after the accidents. Table 1 shows the results of these calculations. Roux et al (2000 Roux et al ( , 2001 . As for the assumptions made concerning the source geometry the IAEA report states: "It was assumed that the source was a cylinder, 4 mm in diameter and 8 mm long, enclosed in a steel capsule, 1 mm thick and 1.2 cm long. Two source-skin distances were considered: 3 mm corresponding to the man sitting, and 7 mm (due to the loose fitting jeans) when the man was standing."
As for the Monte Carlo results the IAEA report continues: "Normalization of the results was performed on the dose value at the rim of the lesion, which was estimated to be around 25 Gy with an uncertainty of about 30%. On the basis of these assumptions and calculations, taking a lesion of 10 cm diameter, the 100 Gy isodose at the surface of the skin would be located between 2 and 3 cm from the center of the lesion……….. The estimated dose to the femur varied from 15 Gy at the entrance to 5 Gy at the exit." And finally: "These estimated doses were significantly different from those estimated in Peru." c) A whole body dose of ca. 1.25 Gy has been determined with biological dosimetry, however this result has to be considered with caution because the blood sample was taken only on day 106 after exposure and the use of several blood transfusions during the treatment of the patient.
The purpose of this study is to demonstrate that the MAX/EGS4 exposure model can be used for the simulation of radiological accidents. As for the special case under consideration, the results will give an assessment of the maximum absorbed dose in the center of the lesion, isodoses into the depth and on the surface, and also average organ and tissue absorbed doses.
Materials and Methods

The MAX/EGS4 exposure model
The MAX phantom has been developed by Kramer et al (2003) based on segmented CT images (Zubal et al 1994) . Its matrix consists of cubic voxels of 3.6mm length. After segmentation the volumes of radiosensitive organs and tissues have been adjusted in order to match the reference masses defined by ICRP89 (ICRP 2003) . The phantom has a heterogeneously structured skeleton with voxel-specific skeletal tissue compositions based on masses, percentage distributions, and cellullarity factors from ICRP70 (ICRP 1995) . A detailed description of the voxel phantom is given in Kramer et al (2003) .
The EGS4 Monte Carlo code (Nelson et al 1985) simulates coupled electron-photon transport through arbitrary media. The default version of EGS4 applies an analogous Monte Carlo method, which was used for the calculations of this investigation. Rayleigh scattering has been taken into account, and secondary electrons have been transported down to a cut-off energy of 200 keV. Ir source which "was a cylinder, 4 mm in diameter and 8 mm long, enclosed in a steel capsule, 1 mm thick and 1.2 cm long" (IAEA 2000) , and also the source simulated in the Monte Carlo calculations, which was a parallelepiped with dimensions of 3.6mm x 3.6mm x 7.2mm. The CSDA range of a 700 keV electron in iron is ca. 0.5mm, which means that the beta particles, because of their energies shown in table 2, are shielded by the steel capsule, and therefore have not been taken into account for the Monte Carlo calculations. Bremsstrahlung released from the slowing down of the beta particles in the steel capsule can also be neglected, because for 700 keV electrons the ratio between radiative and total stopping power in iron is about 0.023 (Hubbell and Seltzer 1996) , and especially for sealed 192 Ir sources Borg and Rogers (1999) found contributions of Bremsstrahlung to the air kerma strength to be well below 0.5%. In the Monte Carlo calculations the energies of the gamma particles have been sampled from the distribution given in table 2. Initial directions of the photons have been sampled iostropically, and it is assumed that photoelectric absorption and Compton scattering inside the 192 Ir source would not change significantly the isotropic distribution of the photons leaving the source, i.e. that only a fraction of the total number of photons emitted from the source in fact reaches the surface of the MAX phantom.
For the average gamma energy of 372 keV, using the exponential attenuation law, one can calculate that the steel capsule would reduce the number of photons leaving the 192 Ir source by ca. 8 %. Because of the voxel dimensions of 3.6mm it was not possible to simulate the steel capsule, unless one would make a resampling of the whole MAX matrix to reach a 1mm voxel resolution. Although possible, this procedure would increase memory requirements and execution time significantly. Therefore the attenuation effect of the steel capsule was taken into account after the Monte Carlo calculation, by reducing the calculated maximum absorbed dose by 8%, thereby assuming that for given exposure conditions the absorbed dose is basically proportional to the number of photons. This assumption holds if the gamma spectrum would not be changed significantly by the steel capsule.
Indeed, investigations made with spectra available for industrial radiography sources including a steel capsule showed that the average energy of the gamma particles was ca. 386 keV, which differs less than 4% from the average gamma energy of 372 keV for the unshielded source. The simulated source differs only slightly from the real source with respect to the form, and the volume of the parallelepiped is only 7% smaller than that of the cylinder. Therefore it is not to be expected that the differences of form and volume between the real and the simulated source would have a significant impact on the number and on the energy distribution of the photons leaving the source. Ir source was located horizontally in front of the back side close to the surface. The exact orientation of the source was not reported in the IAEA report, but because of its small size this lack of information is not considered to be critical for the absorbed dose distribution inside the body. The body is surrounded by a voxel layer, which represents the cotton clothing (jeans + underwear) of the person who suffered the accident. Elemental composition and density of the cotton material was provided by the National Institute of Standards and Technology (NIST 2005) .
If one takes the center of a source voxel as reference point, then the three source-to-surface distances (SSDs) to be simulated in the Monte Carlo runs are: SSD1 = 3.6mm cotton + 1.8mm source = 5.4mm SSD2 = 3.6mm cotton + 3.6mm air + 1.8mm source = 9.0mm SSD3 = 3.6mm cotton + 7.2mm air + 1.8mm source = 12.6mm
The Monte Carlo results for these SSDs will provide the data necessary for the calculation of the maximum voxel absorbed dose for a SSD = 3.6mm by extrapolation, and for a SSD = 7mm by interpolation, respectively. (A SSD = 3.0mm cannot be realized when the body is covered by a 3.6mm voxel layer of clothing).
Regions of interest
The MAX phantom stands inside a parallelepiped with 158 columns 74 rows  487 slices = 5694004 voxels. Monte Carlo calculations for average organ and tissue absorbed doses can be executed very fast with the MAX/EGS4 exposure model, because energy deposition, summation and statistics have to be performed by the algorithm for only 40 different organ and tissue volumes. Calculating the maximum voxel absorbed dose, and doing all Monte Carlo accounting and the statistics for more than 5.5 million voxels would require enormous execution times, wherefore it turned out to be necessary to define certain regions of interests (ROIs). Depending on the dosimetric quantity to be calculated a ROI has to be defined with respect to the maximum acceptable numbers of columns, rows and slices in order to get the calculation done in a reasonable amount of time. The Monte Carlo code transports the particles through all voxels, but it considers only voxels within the ROI when it comes to accounting, statistics and dose calculation.
For the simulation of the Yanango radiological accident, apart from the maximum voxel absorbed dose, the dose distribution into the depth of the thigh and the dose distribution on the surface of the thigh had to be determined. Therefore these calculations were done with two different ROIs:
For the calculation of the depth dose distribution a ROI1 of 17080 voxels has been taken into account, which was made of 5 adjacent slices, in each of which an area of ca. 20cm  20cm has been considered. For the calculation of the surface dose distribution a ROI2 of 51471 voxels has been taken into account, which was made of 57 slices, in each of which an area of ca. 15cm 7cm has been considered.
Results and discussion
Based on the source geometry and the ROIs described in the previous section, the MAX/EGS4 Monte Carlo code has been modified in order to calculate the voxel absorbed dose distributions in the selected ROIs for the two-voxel 192 Ir source located in slice 251 at the positions S1, S2, and S3 shown in figure 2. Four runs have been made with 20 million primary photons each: three runs with SSDs = 5.4mm, 9.0mm, and 12.6mm for ROI1, and one run with SSD = 5.4mm for ROI2 with the MAX phantom always standing, a posture which obviously has also been used throughout all IAEA calculations. The maxima for SSD = 5.4mm and for 9.0mm were found in slice 251 in a surface voxel facing the source, shown in figure 2 by the label "M", whereas the maximum for SSD = 12.6mm was found in slice 253 in a surface voxel diagonal to the right in front of the source at a distance of ca. 5.1mm from the source. Taking into account the shielding by the steel capsule, the exposure time, the proportion of time spent sitting and standing, and the total activity of the source, the resultant maximum voxel absorbed dose D max can be calculated as:
D max = 0.92 6.5 h 1.37 10 12 Bq {(3.0/6.5) D max (3.6mm) + (3.5/6.5) D max (7.0mm)} = 12683 Gy at a depth of 1.8mm in the surface voxel "M" shown in figure 2 with a C.V. between 1.0% and 1.5%.
Depth dose distributions
The distribution of the absorbed dose as a function of the depth in the thigh was the result of two irradiations, one with a SSD = 3.0mm, and another one with a SSD = 7.0mm, which also can be considered as having been caused approximately by only one irradiation with a SSD = [(0.462 3 2 + 0.538 7 According to figure 4 a vertical and a diagonal depth dose have been determined. The vertical depth dose is shown in figure 5 with diamonds. With respect to the maximum absorbed dose of 12683 Gy at 1.8mm depth, the percentage depth doses are 14% at 10mm, 4% at 30mm, 1.6% at 50mm, and 0.7% at 80mm. The C.V.s are smaller than 6% up to 30mm depth, smaller than 10% up to 50mm depth, and smaller than 20% up to 100mm depth. At the entrance of the femur the absorbed dose is ca. 178 Gy, and at the exit side ca. 101 Gy, values which are more than ten times greater than the corresponding doses reported for the Monte Carlo calculations quoted in the IAEA report, but whose average value of 140 Gy on the other hand compare well with the average femur absorbed dose of 143 Gy reported by the INEN in table 1. For photon energies below 200 keV the absorption of energy in bone is usually significantly greater than in muscle. However, in the case considered here, especially in the part where the photons enter the femur, they have energies still well above 200 keV, which is reflected by the relatively smooth transition of the depth dose across the femur. Figure 5 shows for comparison also the INEN data from table 1 with squares, although these data refer to a different phantom and to different irradiation conditions. For example, the location of the femur is at 8cm depth for the INEN data, while the center of the femur of the MAX phantom is at 6.7cm depth. In general the INEN depth doses are significantly greater than the MAX/EGS4 depth doses calculated with the two-voxel iridium source. The IAEA report on the Yanango radiological accident gives no information about the irradiation conditions chosen by the Peruvian physicist when he made the depth dose calculation with the therapy treatment planning software. Therefore it was assumed that the Peruvian physicist simulated an unshielded point source close to the skin emitting only photons with an average energy of 372 keV, and that he took some shielding by the clothing into account. These conditions, which would use air instead of iridium inside the two-voxels source, and neglect the shielding by the steel capsule, have been simulated with the MAX/EGS4 code. The result is shown in figure 5 by the curve with triangles, which agrees with the INEN data at least for depths between 3 cm and 9 cm. The absorbed dose differences between the curves for the iridium source and the air source are due to attenuation of the emitted photons within the iridium, which is almost three times heavier than iron, and also in the steel capsule. Figure 6 shows the diagonal depth dose which is not significantly different from the vertical depth dose, thereby confirming an almost isotropic dose distribution. Calculations for the ROI2 produced among other quantities the relative absorbed doses in the surface voxels (= voxel absorbed dose divided by the maximum voxel absorbed dose) of slices 223 -279. This range corresponds to a distance of 20cm with the source slice 251 being at the center at 10cm. On the 100 Gy isodose for SSD = 5.4mm the relative absorbed dose in a surface voxel at 1.8mm depth is 100 Gy / 12683 Gy = 0.008. The output of the Monte Carlo calculation showed a relative absorbed dose of 0.008 in slice 234 and in slice 269, respectively. Both slices are at a distance of 18  0.36cm = 6.5cm from the center of the lesion, which is more than double the distances mentioned by the IAEA report. However, if one makes a similar calculation for the two-voxel air source mentioned in the previous section, then the 100 Gy isodose would appear at a distance of 3.2cm, which would agree with the IAEA data.
25 Gy was the surface absorbed dose reported in the IAEA document for the rim of the lesion at 10cm distance from the center. This corresponds to 28 slices of the MAX phantom, i.e. one has to look for the value of the relative absorbed dose in the surface voxels of slices 223 and 279. A relative absorbed dose of 0.003 was found in these slices, which corresponds to a surface voxel absorbed dose of 0.003  12683 Gy = 38 Gy at 1.8mm depth, which is 50% greater than the value of the IAEA report. For the two-voxel air source a similar calculation gives 34 Gy at the rim of the lesion, which is still 36% greater than the IAEA value. Figure 8 shows the area of the lesion defined by the ROI2 with indications of the maximum voxel absorbed dose (M), and various ranges for relative surface isodoses (B -F). The 0.008 isodose voxels (G) represent the 100 Gy isodose at 6.5cm from the center of the lesion. The maximum voxel absorbed dose of 12683 Gy corresponds to a depth of 1.8mm. If one extrapolates the iridium source depth dose in figure 5 to the surface, one gets a maximum surface absorbed dose of ca. 27850 Gy at zero depth. Analysis of the voxel absorbed depth doses at 6.5cm and at 10cm distance from the center of the lesion showed no difference between the value at 1.8mm depth and the extrapolated value at zero depth within the range given by the coefficient of variation, i.e. that the 100 Gy isodose and the 38 Gy isodose apply practically also to zero depth at 6.5cm and at 10cm distance, respectively. Extrapolation of the INEN depth dose in figure 5 gives a maximum surface absorbed dose of ca. 44180 Gy at zero depth.
Verification of the maximum surface absorbed dose
Because of the high activity of 1.37 TBq of the 192 Ir source, the very short SSDs, and the extreme exposure time of 6.5 hours the maximum surface absorbed dose of 27850 Gy does not come as a surprise. Nevertheless, just because in radiological accidents one often has to deal with high absorbed doses one would feel more confident about the results if they could be cross-checked with additional methods.
At the time of the accident the source activity was 1.37 TBq, which, based on the air kerma rate constant for 192 Ir, causes an air kerma rate of 0.167 Gy/h at 1m distance from the unshielded source, or 0.153 Gy/h at 1m distance from the encapsuled source. Assuming an ideal point source one can apply the inverse square law to make the following calculation: These results give a total air kerma of 46346 Gy, or taking into account the ratio between the mass energy absorption coefficients for soft-tissue and air, the total free-in-air soft-tissue kerma would be 51027 Gy at a distance of ca. 5.4mm. Simple considerations based on the exponential attenuation law show that the 0.36cm cotton layer produces a shielding effect of ca. 3% for the incident photon radiation, which reduces the total free-in-air soft-tissue kerma to 49496 Gy.
For a SSD of 5.4mm it is not possible to consider the 3.6mm x 3.6mm 7.2mm two-voxel 192 Ir source as a point source. Therefore a comparative calculation with a SSD = 5.4mm has been made for a 3.6mm  3.6mm  7.2mm two-voxel air source on the one hand, and for a 1mm  1mm  1mm onevoxel air source on the other hand, which is still not a point source, but at least a better approximation to the ideal. The results show that the maximum voxel absorbed dose for the 1mm  1mm  1mm onevoxel air source is 2.21 times greater than the corresponding value for the 3.6mm  3.6mm  7.2mm two-voxel air source. Strictly spoken, this result does not apply directly to the real iridium source, but for the purpose of this assessment it is assumed that an iridium point source would also increase the maximum surface absorbed dose by about a factor of 2. This means, that the maximum surface absorbed dose would become ca. 27850 Gy 2 = 55700 Gy, which differs from the total free-in-air soft-tissue kerma determined from the activity of the 192 Ir source by ca. 12.5%. This very rough assessment provides corroboration for the Monte Carlo results obtained.
Organ and tissue absorbed doses
Together with the calculation of the voxel absorbed dose distribution the Monte Carlo code also determines average absorbed doses to organs and tissues of the body, as well as the average whole body absorbed dose. Table 3 shows the results for a SSD = 5.4mm, i.e. for the exposure set-up representing the accidental irradiation. Average absorbed dose to the testes and the bladder are significantly smaller than the values given by the INEN in table 1. For the two-voxel air source these organ doses would be 10.4 Gy for the testes and 11.5 Gy for the bladder, which are still about only half of that what the INEN data indicate. Finally, with 6.4 Gy the average whole body absorbed dose found by the MAX/EGS4 exposure model is more than 5 times greater than the value determined by biological dosimetry.
One has to bear in mind that a point source close to the surface of one thigh represents a highly non-uniform irradiation of the body. For relatively small organs not too far away from the source, like the testes or the bladder, the average absorbed dose is approximately equal to the absorbed dose in all voxels of that organ. However, this assumption does not hold for extended organs and tissues, like adipose, muscle, skeleton, red bone marrow, skin, colon, and the whole body.
Conclusions
The simulation of the Yanango radiological accident with the MAX/EGS4 exposure model produced the following results:
a) The maximum absorbed dose was calculated by Monte Carlo methods as 12683 Gy at 1.8mm depth in a surface voxel in front of the source, i.e. at the center of the lesion. b) The absorbed dose found at the entrance side of the femur was 178 Gy, and 101 Gy at the exit side. c) Based on the maximum voxel absorbed dose of 12683 Gy, the voxel isodose of 100 Gy was found at a distance of 6.5cm from the center of the lesion, and at 10cm distance the voxel isodose was found to be 38 Gy. d) Extrapolation of the voxel depth dose in the center of the lesion to zero depth gave a maximum surface absorbed dose of ca. 27850 Gy. e) Cross-checking the magnitude of the maximum surface absorbed dose by standard dosimetric methods confirmed the credibility of the Monte Carlo results. f) Average absorbed doses have been calculated for radiosensitive organs and tissues, as well as for the whole body. Table 4 shows that between the results of this investigation and the IAEA data agreement can be found only for the average absorbed dose to the femur, although the data points for the INEN and the MAX/EGS4 results refer to different depths as figure 5 shows, and with some reservation for the isodose 10 cm from the center, if one takes the 30% uncertainty of the IAEA/MC value into account. It was shown earlier that the 2-3cm distance of the 100 Gy isodose reported by the IAEA/MC calculations agrees with the MAX/EGS4 result only for a two-voxel air source. This would indicate a significant difference of the source modelling between the Monte Carlo calculations of the IAEA report and of this investigation. The same conclusion applies to the INEN depth dose data, because partial agreement with the MAX/EGS4 depth dose in figure 5 was found only for the two-voxel air source. Extrapolation of the INEN depth dose to the surface yielded ca. 44180 Gy for the center of the lesion, which is significantly greater than the maximum surface absorbed dose for the MAX/EGS4 model. Unfortunately no surface absorbed dose could be found for the Monte Carlo calculations in the IAEA report. Also, with an average absorbed dose of 10 Gy to the femur the IAEA/MC data are significantly smaller than the MAX/EGS4 and the IAEA/INEN results. Organ absorbed doses for the testes and the bladder show INEN values about three times greater than the MAX/EGS4 results, but on the other hand the IAEA whole body absorbed dose, determined by biological dosimetry, is only one fifth of the MAX/EGS4 whole body absobed dose.
An explanatory discussion of agreements and disagreements remains difficult, because the IAEA report does not reveal sufficient details about the irradiation conditions used by the Peruvian physicist and by the French Monte Carlo team, but after all there are clear indications that the MAX/EGS4 simulations of the Yanango radiation accident.produced reasonable results for the absorbed dose quantities presented.
Radiation physicians insist that early knowledge about the maximum absorbed dose, and about a comprehensive distribution of the absorbed dose in the body is of great importance for medical prognosis and choice of treatment. Physical dosimetry can provide various absorbed dose quantities, but it is up to the medical experts to decide which absorbed doses are most relevant for their decisions. The MAX/EGS4 exposure model can be considered a useful tool to calculate these quantities rapidly, and it can easily be modified to calculate voxel-specific absorbed dose distributions even within organs and tissues, if exposure conditions and/or medical considerations recommend doing so.
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